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EXPERIMENTAL INVESTIGATION OF DRAG OF AFTERBODIES

WITH EXITING JET AT HIGH SUBSONIC MACH NUMBERS
By Reino J. Salmi

SUMMARY

A small-scale experimental investigation was conducted to determine
the pressure drag of various blunt-based conical afterbodies at Mach
numbers from 0.6 to 0.9. A generalized series of bodies was included
which incorporated convergent nozzles discharging unheated jets at vari-
ous pressures from the base. In addition, ejector installations in both
fuselage- and nacelle-type bodies were included which simulated subsonic
cruise operation of nozzles designed for supersonic flight.

The results indicated that the externsl pressure drag of s blunt-
based body of revolution with no jet was considerebly reduced by boat-
teiling. With a 5.6° boattail angle, the greatest drag reduction occurred
when the base-to-body dlsmeter ratio was reduced from 1.0 to 0.7. With
a base-to-body diameter ratio of 0.525, the minimum pressure drag occurred

.between boattail angles of 8° and 10°.

When a convergent nozzle having a diameter of 0.375 that of the body
discharged a Jet from the base, boattailing was agein effective in re-
gucing the afterbody drag. With no boettaill, the effect of the jet was
to aspirate the large annular base to very low pressures. On a small
base annulus the Jjet effects were generglly favorable. The incorporation
of & boattail, therefore, combined the favorable effects of reducing the
bage ennulus and converging the flow before separation at the base.

In simulated ejector installations with a closed secondary shroud,
it vas found that the pressure drag of the high-angle shroud flaps could
be very lerge in nacelle-type installations wilth no boatteil upstream of
the filaps. In a fuselage-type instellation wlth an spprecieble boattail
ahead of the flaps, the drag of the closed fleps was greatly reduced.

The effect of secondary flow on the extermel pressure drag of the ejector
nozzles wes small.
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JINTRODUCTION

The advent of sustained supersonic flight has brought renewed inter-
est in the high subsonic speed range ag & cruilsing point for both sub-
gonic and supersonic aircraft. One of the aerodynamic problems in this
speed range for which little informetion is presently available is that
of afterbody désign. With Jet propulsion the problem is complicated by
the interference effects of the jet on the flow over the afterbody. In
addition, some severe fairing problems are encountered, particularly in
the case of an alrcraft with Jjet-engine afterburner inoperastive and the
nozzle-exit area reduced to the cruise condition.

The present small-scale investigetion was designed to define the
severity of the afterbody drag problems and to indicate relatively good
design practice for the high subsonic Mach number range. Tests were
made at nominal Mach numbers from about 0.6 to 0.9 on conical afterbodies
with a convergent nozzle exiting at the base and having various base sizes
and boattall angles. Also studied was a serles of ejector configurations
that simulsted some of the afterburner-off conditions that mey be encoun-
tered in nacelle and fuselage installations.

SIMBOLS

The following symbols are used in this report:

A aresa
ag velocity of sound at stagnation conditions
. 1.0 2
Cp pressure drag coefficlent, - \J\ CP d (r/rmax) + AQD
Tn/Tmax
&0 tunnel-wall correction to measured drag coefficient

D
Mn(vb - vn)

1.0 .
2 B~ Bl
Cp,net - kJ: <, d(r/rhmuQ + + ACH

CP pressure coefficient, (p -'po)/qo

D dismeter, in.

H total pressure ) N
M Msch number
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m mass flow

m Z/mo ratio of bleed mess flow through jet exit to mass flow of free-
’ gtream tube of equal area

P static pressure

q dynemic pressure, YpM?/Z
r redius

T total temperature

v Qelocity

B boattall angle, deg

T ratio of specific heats
F3) boundary-layer thickness
e secondary-nozzle flap angle, deg
Subscripts:

b . base

max max irmim

n nozzle

P primary

s secondary

t free wind tunnel

0 _ free stream

APPARATUS AND PROCEDURE
Tunnel

The test facility was a closed-wall circular wind tunnel 17.5 inches
in diemeter. As shown by figures 1 and 2, the tunnel consisted of a wood-
en bellmouth that contracted to a 20-inch-long steel cylindrical test
section. Atmospheric air was discharged through the tunnel into the
subsonic diffuser section of the 18- by 18-inch supersonic wind tunnel.
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The tunnel speed was controlled by choking the Gownstream gate valve in
the diffuser. With the gate valve wide open, the tunnel choked at the
exit of the steel test section and the Mach number in the test area wes
0.92. Probe surveys across the tunnel showed that uniform Msch number
profiles existed across the tunnel sections where the afterbodies were
tested. The longitudinal Mach number varistion in the tunnel was deter-
mined from static-pressure orifices on the tunnel wall located at 3-inch
intervals. In general, the longlitudinal Mach number variation in the test
section was small except near the exit at the highest Mach numbers, but
these sections were well downstream of the tegt area. The free-stream
Mach number was based on static pressures measured by a tummel-wall ori-
fice located Just upstream of the afterbodies. The tunnel-wall and model
bressures were recorded photographically from multitube menometers using
tetrabromoethane as the fluid.

Models

The models conslsted of & series of conical afterbodies mounted to
a long cylindrical tube that projected into the tunnel thro the bell-
mouth. As shown in figure 3, the configurations included (a) a general
series and (b) an ejector series. The geneial series of afterbody shepes
varied in base size and boattall angle and hsd a 0.75-inch-diameter con-
vergent nozzle exiting at the base. The ejector series included three
nacelle-type installations where simulated secondary-nozzle flaps were
closed at angles of 30° (F), 450 (E), and 90° (D) with no boattailing
shead of the base, and three fuselage-type installations that incorporated
an 8.46° hoattail ahead of the base.

In the experimental investigation of tunrel-wall interference effects,
two smaller models were used that were similar to one of the general
series models, as indicated in figure 3. These models had ‘diameters of
1.00 and 1.25 inches, which, together with the 2.00-inch-diameter model,
provided a series of similar models having blockage velues (Amax/At) of
0.33, 0.51, and 1.3l percent. High-pressure air (unheated) was supplied
to the nozzles through the mounting tube; and, in the case of the ejectors,
concentric tubes were used which allowed the two sir flows to be controlled
independently. The total pressure of the air to the convergent nozzles
and to the primary nozzles of the ejector configurations was measured
with a rake located in the mounting tube Jjust ahead of the nozzle. The
mass flow was calculsted from the pressure and an sssumed nozzle flow
coefficient of 1. A rotameter was used to measure the mass flow of the
secondary air. The temperatures of the primery and secondary air were
measured with thermocouples located in the supply tubes. Static-pressure
orifices were provided on the boattgil and base of the models.

Tests were conducted at nominal Mach numbers ranging from sbout 0.6

to 0.9 with the corresponding free-stream ngnolds numbers varying from'
about 3.68x106 to 4.62x1005 per foot. The static-temperature drop in the

A
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tunnel at a Mach number of 0.8 was sufficient to cause supersaturation
of the air that would be drawn in during periods of precipitaztion. No
discrepancies in the data were evident, however, from operaetion during
such conditions.

The boundary-layer thickness near the base of a Z-inch-diameter
body was measured. The ratio of the boundary-layer thickness to the

model diameter (8/D nax) Wes epproximately 0.17.

Tunnel-Wall Corrections

- The present model and wind-tunnel setup is unique in that the model
represen‘bs & body of such length that the flow over the cylindrical portion
of the body preceding the base or afterbody boattail is substantially at

. uniform free-stream conditions. For this case the inviscid incompressible

pressure distribution over the boatteill integrates to a net force of zero
if the wind-tunnel walls are at an infinite distance from the body. With
the tunnel walls st a finite distance from the body, as in the present
cage, the cross-sectional area of the flow passage between the model and
the tunnel walls increases as the flow progresses over the boattail.

This results in a diffusion of the stream flow that would not occur in
free flight. The Increase in the static pressure accompenying the dif-
fusion modifies the potential~flow boattail pressure distribution in
such g way as to result in an apparent thrust force on the afterbody.
Despite the small model size in the present tests, the interference to
the condition of zero net force is sgppreciable at high subsonic speeds
where the Mach number veries rapidly with flow area.

In order to approximate the correction for the potential-flow tummel-
wall interference, the flow was considered to be one-dimensional and
isentropic. The thrust force on the body was calculated by the momentum
theorem as equal to the change in momentim of the stream in diffusing from
the annular flow area Just upstream of the boattail to the flow area Just
downstream of the boattail. For the solid afterbody, the area Jjust down-
stream of the boattail was the total cross-sectional area of the test
section, while the presence of a Jet reduced this area by the amount of
the nozzle-exit area. The expression for the thrust or negstive drag
increment so derived is ) .

e et 4

H

where the subscripts 1 and 2 refer. to the stations shead of and just
behind the boattail. .
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In a reel fluid with the tunnel walls st infinity, the bosttail
bressure drag coefficient will not be zero because of viscous distortion
of the potential-flow field. In applying the wall interference correction
to the experimental data, it is assumed that (1) the local viscous ef-
fects on the afterbody do not influence the correction due to diffusion
of the stream flow in the annular passage, and (2) the additlonal adverse
pressure gradilent on the boattall due to this diffusion does not appreci-
ably influence theé boattall boundary-layer growth and separation and hence
the true drag coefficient. '

The theoretical corrections so derived are presented in figure 4 for
the two body diameters of interest herein and for a range of nozzle-exit
sizes. The correction increases with Mach number and model size, and at
Mech number 0.9 is relatively large for the 2-inch-diameter models. An
indication of the adequacy of the method used is given in figure 5, where
the varistion with jet pressure ratio of the drag of three different .
sizes of geometrically similar models 1s presented. The uncorrected dats
show & large-scale effect, most of which is eliminated by the correction,

which appeers unaffected by jet pressure ratio. The variation in jJet shape

due to Jjet pressure ratlo and mixing did not influence the caleculstion
for wall-interferénce effects. The method was not considered accurate
enough to warrant point-by-point correction to the pressure distributions.
In addition, where discontinuities occur such as with blunt bases, the’
correction might be expected to be too large, since with separated flow
the afterbody may not experience the full préssure rise. The conventional
wake blockage correction was in the present case calculated to be small
relative to the corrections applied and was not included. ’

RESULTS AND DISCUSSION
Afterbodies without Jet ’ : : -

Effect of boabtailing on pressure drag. - The effects of boattall-
ing on the externdl pressure drag coefficient of the conlcal afterbodies
are shown in' figure 6 for the jet-off case (equivalent solid body). The
base pressure coefficients are eassumed to apply over the entire base,
and the tunnel-interference corrections spplied were for the full pres-
sure rise (A, = 0). Figure 6(a) shows that, with a constant boattail
angle of 5.63°, increasing the boattall length by reducing the base size
resulted in a large drag reduction for basesto-body diameter ratios be-"
tween 1.0 and 0.7. Similar results were obtained in free-flight tests
reported in reference 1.  Figure 6(b) indicates that, with a base-to-
body diesmeter ratio of 0.525, the optimum boattail angle at transonic
speeds is about 10°. This is somewhat higher than the optimum boattail,
angle for this speed range reported in reference 1. The drag coefficient
for zero boasttail angle in figure G(b) was obtained by assuming the same
base pressure coefficient as was measured fof¥ the moédel with a base-to-
body diemeter ratic of 1.0. ' T

—
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Effect of base bleed. - The effects of base bleed on the base pres-
sure coefficient and on the drag coefficient are shown in figure 7. BSig-
nificant reductions in the pressure drag coefficient were gained from the
base bleed. The largest drag reductlion resulted for the afterbodies with
the largest bases, although the corresponding increase in the base pres-
coefficient was the least. These results are in qualitative agreement
with base bleed effects at supersonic speeds reported 1n reference 2. The
net drag coefficient obtained when the momentum loss of the bleed alr is
considered is also indicated in figure 7 as CD,net' The bleed air is

assumed initially to have the free-stream momentum. In all cases the loss
in moméntum was greater than the decrease in the external pressure drag,
indicating that the net drag is increased if free-stream air is teken in
for the sole purpose of base bleed. ' The possibility of utilizing cooling
air, which must be discharged somewhere, or boundary-layer air with reduced
initial momentum remeins, however.

Afterbodies with Jet

The pressure distributions over the general series of afterbodies
with and without Jjet flow sre shown in figure 8. The pressure distri-
butions over the conical afterbodles are characterized by a low-pressure
region of flow acceleration about the initial boattail bresk and a 4if-
fusion to higher pressures near the base, depending on the boattail
length. The pressures over the downstream portions of the boattails in-
dicate the possibility of separation shead of the base. As the boattail
length was increased by reducing the base-to-body diameter ratio at a
constant boattail angle, the pressure at the rear of the body and the
base pressure both increased. When the boattail angle was increased, the
pressures around the initial boattail break decreased further, but the
pressure recovery over the rear portion of the boattail increased and
resulted in a decrease in the drag coefficient with increasing boattail
angle up to the optimum boattail angle. The Jet influenced the afterbody
pressures mainly on the base and the boattail area just ahead of the base.
For small base annull, the jet increased the base and bogttall pressures;
but, for large base annuli the pressures were decreased. On a small base
annulus the jet may deflect the free-stream flow outward and thus decel-
erate the flow in the region of the base and increase the base pressure.
For a large base the jet boundary can return to am axial direction before
meeting the external flow; and, thuse, the deflection of the freée stream
by the jet is small, and the jet aspirating effect on the semidead-air
region reduces the base pressure.

The integrated pressure drag coefficients are presented in figure

9 as a function of the jet pressure ratio. The variations in the drag
coefficient with jet pressure ratio are as would be expected after
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examining the pressure distribution curves. The drag coefficient Increased
rapldly with jet pressure ratio for the afterbedy with no boattailing,

but for the body with the smallest base annulus the jet effects were

small and generally favorable. Figure 10, which shows the effect of the
Jet on the drag of afterbodies with various boattall angles, indicates

that the variation of the drag coefficient with jet pressure ratio is
little affected by the boattail angle. =

Ejector afterbody configurations. - The nacelle-type ejector con-
figuretions are characterized by the fact that they exhibit no bost-
tailing ahead of the base formed by the simulated closed secondary-
nozzle flape. Such configurations exhibited large drag coefficients
at practical operating Jet pressure ratios (fig 11). The drag coef-
ficient at a Jet pressure retio of 3 may be of the order of 10 to 15 per-
cent of conventional Jet-engine thrust in the cruise condition. Re-
ducing the secondary-nozzle flap angle from 900 to 30° was only moderately
effective in reducing the large values of the drag coefficient. Figure
12, which shows the radial pressure distribution over the flaps, indicates
that the flap pressures were fairly uniform.

As mey be expected from the results obtained from the conical after-
bodies, the fuselage-type ejector configurations, which had a fairly long
boattail of 8.46° ghead of the base, exhibited relatively low drag coef-
ficients and little effect of the Jet at practical jet pressure ratios
(fig. 13). The increment in drag due to closing the simulated secondary-
shroud flaps 45° was smell. As Indicated by the pressure distribution
curves in figure 14, the pressure recovered repidly to higher then am-
bient values after the low-pressure pesk caused by the flow around the
initisl boattail break. - The boundary layer, therefore, experienced
an adverse pressure gradient and masy have been separated or near separa-
tion as it approached the base. The separation-type boundary-layer pro-
file has low velocity or low shear at the wall cempared with a fully
developed flat-plsate profile (as experienced with the nacelle at the
point of forced separation); and, hence, the flow is less eble to as-
pirate the base pressure to low values This mey in part explain why
the pressures over the secondary-shroud flaps remained high. Comparison
of the short-shroud ejector configuration is in this case difficult, be-
causé the pressures in the large annular base region were not obtained

The drag coefficients of the nacelle- and the fuselage-type after-
bodies are compared in figure 15 on the basgis of equal primary-nozzle h
areas. It is significant that the drag of the fuselage-type afterbodies
is considersbly less than that of the nacelle-type afterbodies, even
though the resulting fuselage body dlameter is about 50 percent greater.
In order to determine whether the drag of a body can be reduced by in-
creasing the body diemeter to obtain the benefits of boattailing, the

forebody and friction drag would have to be considered.

3172
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Effect of secondary flow. - In the subsonic cruilsing range of Jet
pressure ratios, the external pressure drag coefficient was relatively
little affected by secondary-alr flows of sbout 7 percent of the primary
(fig. 16). When the afterburner cooling passage forms a base annulus
that is not closed for the cruise conditions, the secondery flow will
increase the static pressure in the plane of the annulus. However, if
the secondary air is taken in from the free stream solely for this pur-
pose, & net increese in drag will result because of the momentum loss
of the secondary air, as discussed in reference 3, for example.

SUMMARY OF RESULTS

The results of the investigation of the external pressure drag of
various conical afterbody configurstions at high subsonic Mach numbers
can be summarized as follows:

1. The afterbody pressure drag of a blunt-based body of revolution
was considerably reduced by decreasing the base-to-body diameter ratio
from 1.0 to 0.7 with a 5.6° boattail. With a base-to-body diameter ratilo
of 0.525, minimum pressure drag was obtained with & boattail angle of
approximately 10°.

2. When a convergent nozzle having a dlameter 0,375 that of the
body discharged a jet from the base, boatteiling was again very effec-
tive in reducing the afterbody drag. With no hoattail the effect of the
Jet and stream was to aspirate the large annular base to a very low pres-
sure. The Jjet effects were generally favorable for small base annuli.
The iIncorporation of a boattail combined the favorable effects of re-
ducing the base annulus and of converging the flow before separation,
which increesed the afterbody and base pressures.

3. In simuleted ejector instellations with a closed secondary shroud,
the pressure drag of the high-angle shroud flaps could be very large in
nacelle-type installatlons with no bosttaill upstream of the flaps. In
a fuselage-type installsition with an appreciable boattail ahead of the
flaps, the drag of the closed flaps was greatly reduced.

4. The effect on external drag of secondary flow in ejector nozzles
was small.

Lewis Flight Propulsion Laborstory
National Advisory Committee for Aeronautics
Cleveland, Ohio September 22, 1954
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Figure 2. -

(a) Model in tummel.

Fhotograph of subsonic

tumpel with model installed.
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(b) Model withdrawn.

Figure 2. - Concluded. FPhotograph of subsonic twomel with model installed.
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